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Abstract – The results of the comprehensive ultrasonic research of high quality single crystals of FeSe 
are presented. Absolute values of sound velocities and their temperature dependences were measured; 
elastic constants and Debye temperature were calculated. The elastic C11-C12 and C11 constants undergo 
significant softening under the structural tetra-ortho transformation. The significant influence of the 
superconducting transition on the velocity and attenuation of sound was revealed and the value of the 
superconducting energy gap was estimated. 
 
Despite considerable interest to the family of iron-based 
superconductors, systematic experimental data concerning 
the behaviour of their elastic properties are absent now. As a 
rule, there is some information about compressibilities that 
are received from structural investigations under pressure. 
The complete information can only be obtained by an 
acoustic study of single crystals. These data are useful for a 
verification of theoretical approaches used for the 
calculations of the energy spectra and for the discussion of 
possible technical applications in view of very high critical 
fields of these materials. FeSe is a key member of the binary 
system “11”. Despite its relatively low transition temperature 
(~8K) it is of great interest for the research. This is due to the 
extreme simplicity of its structure that allows to expect close 
agreement of theoretical calculations to the experiment and is 
also due to the possibility of growing high-quality single 
crystals of suitable for the measurements size. FeSe exhibits 
one of the largest pressure effects on transition temperature 
[1]. It was found that FeSe has extremely low values of bulk 
modulus [1,2]. The investigation of the relaxation of 
photoexcited electron states in FeSe has revealed the features, 
which indicate giant softening of phonon subsystem under 
structural tetra-ortho transformation [3]. One order of 
magnitude lower softening, but still considerable one, was 
observed under the superconducting transition [3]. In this 
report we present results of the comprehensive ultrasonic 
research of tetragonal FeSe single crystals. Absolute values 
of sound velocities for the main acoustic modes and their 
temperature dependences have been measured. It was shown 
that under the structural transition С11-С12 as well as 
С11 modes have undergone significant softening. Some 
features of the absorption of C11 mode have pointed to the 
anomalously strong interaction of electrons with this mode, 
and have permitted us to estimate the value of the 
superconducting energy gap. 
а) Elastic constants 
The samples of FeSe0.963±0.005 were grown by the same 
technology as in [3,4]. They have shapes of platelets with the 
typical size 2×2×0.4mm with [001] axis orthogonal to the 
plane of the platelet. The high quality of the samples was 
confirmed by observation of clearly defined λ-anomaly of 
heat capacity at superconducting transition [4]. The samples 
for the acoustic measurements with plane–parallel sides were 
prepared by grinding with fine abrasive powder (the grain 
size ~1μm). Measuring equipment is described in Ref. [5]. 
The measurements of the absolute velocity have been 
performed at the liquid nitrogen temperature with the use of 
the "nonius" procedure at frequencies ~ 55MHz. The latter 
consists of the measuring of the phase shift contributed by a 
sample 2 nπ δΦ = + Φ 2 ( 0 δ π≤ Φ ≤ ) in two stages. First, 
the integer number of wavelengths n, which can be involved 
in the sample, is determined, and then, by using the 
correction valueδΦ , the real velocity is calculated. The 
method provides the accuracy of measurements better than 
1% in samples of submillimeter sizes.  
It is well known that in FeSe at Т ~ 90К there is a 
structural tetra–ortho transition, but due to the formation of a 
domain structure the global symmetry for the bulk specimen 
stays tetragonal. No efforts for monodomenization were 
undertaken, and our results are averaged over polydomain 
structure. That is why we use the tetragonal indication for any 
temperature.  
Sound velocities at Т = 77К are presented in table 1. 
In this table the velocity of С11-С12 mode is absent. 
Because of large attenuation of this mode below 100K we 
could not obtain reliable results even for the minimal length 
(~ 0.25mm) of the sample. 
 
Table 1: Sound velocities in FeSe at Т = 77К. 
mode C11 C33 C66 C44 C’(a) 
S (105) cm/s 2.94 2.69 2.14 1.38 3.59 
(a) C’=0.5(C11+C12)+C66. 
The behaviour of elastic modules, which have been 
calculated by using measured temperature variations of sound 
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 velocities (we used X-ray density ρ = 5.65g/cm3), is 
presented in Fig.1. Note that the C12 module was found from 
the velocity of the C’ mode. 
Technologically, we were not able to produce the sample, 
suitable for the measurements of the value of the С13 mode. 
The latter was calculated for 50К and 190К by using the 
known value of the volume modulus В [2]. 
 
 
Fig.1: Temperature dependences of various components of 
the tensor of the elastic modules. Stars are values of C13 
which were calculated from the published data of the bulk 
compressibility [2]. 
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From two opportunities we need to choose the variant, 
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ich provides suitable to the experiment [2] positive signs 
of the partial compressibilities along the main axes (in our 
case the lower sign was chosen). We can check the 
consistency of our measurements with the data of structural 
investigation under pressure [2]. Let us compare the ratio of 
the partial compressibilities along the c axis and in the ab 
plane. In view of the aforementioned averaging over the 
domain structure we have: 
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From our data we get 2.6 ± 0.1 (50К) and 2.5 ± 0.1 
(19
n attention to the unconventional behaviour of 
ela
he С11 mode is shown. It 
demonstrates an abnormally large increase below the 
temperature of the phase transition. As a rule, the attenuation 
of 
0К), whereas from Ref. [2] we have 2.67 and 2.57 
respectively. 
Let us tur
stic constants under the tetra-ortho structural transition. As 
a rule there is only one soft mode (С66, or С11-С12), which 
experiences a strong softening near the transition point, but it 
rapidly recovers it’s stiffness under further lowering of the 
temperature. In our case two modes (С11 and С11-С12) do not 
just experience a considerable softening near the transition 
point, but they still stay «soft» under further lowering of the 
temperature. A similar behaviour of a longitudinal acoustic 
mode was also found in Ref. [3].  
In Fig.2 the attenuation of t
the mode active under phase transition has a sharp 
maximum near the critical temperature that is caused by 
scattering of sound on order-parameter fluctuations. In our 
case the excess attenuation is observed in the whole low 
temperature interval. One might think that it is the 
consequence of the scattering of this mode on the 
polydomain structure with significant mismatch of the 
acoustic impedances of individual domains.  
 
 
Fig. 2: Temperature dependence of the changes of the 
attenuation of the С11 mode. 
 
peratures: All studied modes 
xcept of the C66 below the structural transition temperature 
sho
Another observed feature is the unusual behaviour of the 
sound velocities at low tem
e
w a linear change (Fig.3) (C66 mode varies as T2). As a 
rule, such behaviour takes place in amorphous and disordered 
systems [6,7]. 
The Debye temperature was calculated using the formula 
(in CGS units) [8]: 
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mol I is the sum of reverse cubes of sound 
values averaged over directions of the wave normal. For the 
orth
ρ
Θ
Here n = 2 is th molecule, М is the
ecular weight, 
orhombic phase we have ΘD ortho = 159K. This value is 
slightly lower than in Ref [4] (210К). For the tetragonal 
phase temperature is ΘD tetra ≈ 200K.  
 
Fig. 3: Low temperature dependences of the sound 
velocities. 
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 Elastic constants for the tetragonal FeSe1-xTex system, 
including x = 0, were calculated in [9]. Only the longitudinal 
nstants (C  and C ) are close to the experimental 
vel
nts 
co 11 33
ocities; for the rest the correlation is practically absent. 
b) Influence of superconducting transition 
The phenomenological theory of type II phase transitions 
gives the expression for the changes of the elastic consta
in the superconducting state (see, for example, [10]): 
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Here ε is the strain corresponding to modulus C, ∆CQ is 
ump of the heat capacity per unit volume at TC, constants 
А1 and А  are formed from the first- and second-order 
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derivatives of ТС and the condensation energy with respect to 
the deformation [10]. The first term refers only to the 
longitudinal waves and represents step-like lowering of the 
related module in ТС. The second and third terms describe the 
evolution of the module below ТС. In Fig.4 the changes of the 
velocities of the longitudinal modes below the temperature of 
superconductor transition are given. In fact, these changes are 
jumps imposed on the background linear dependence. 
They are abnormally large and exceed top values 
observed for heavy fermions systems [10], and it is the result 
of a very high pressure dependence of T . One can see fromC
Fig. 4 that the effect is practically isotropic. Therefore, we 
can use the value dTC / dp under the hydrostatic pressure, and 
the value of the bulk module as the elastic one in our 
estimates. Then the expression for the jump of the sound 
velocity can be written as: 
                            2
CdTS B QCδ Δ=                                ( )
2S dp Tc
 
Fig. 4: The influence of the superconducting transition on the 
velocity of the longitudinal sound waves. Full line 
corresponds to the С  mode, circles - to the С’ mode, 
[4], we get δS / S~2.5⋅10 , 
hich is in good agreement with Fig. 4. 
11
triangles - to the С33 mode. 
 
Using B = 33GPа [2], dTC / dP = 7K/GPa [1] and 
∆CQ / TC = 3.4·10
3erg/cm3⋅K2 -4
w
Two-orders-of-magnitude larger softening of the energy of 
the longitudinal phonon mode in TC was reported in [3]. 
Perhaps this contradiction is due to the fact that the 
experiments [3] had deal with much higher phonon 
frequencies (ω ~ 1011s-1). 
In Fig.5 the variation of the velocity and attenuation of 
the transverse C66 mode is shown.  
 
 
Fig. 5: The influence of the superconducting transition on the 
velocity and the attenuation of the C66 mode. Full line 
corresponds to the velocity, circles – to the attenuation. 
aves 
e effect is anisotropic: C44 mode does not feel any 
sig
ith the unique situation for the 
mo
n that the 
stru
 
The velocity is well described by the second term in the 
equation (1) with А1 ≈ -0,001. Unlike the longitudinal w
th
nificant changes in TC. 
Already from Fig.2 it is seen that the attenuation of the 
C11 mode experiences significant changes at TC.  
Apparently, we deal w
dern superconducting systems: A measurable interaction 
of ultrasound with electrons. It is well know
cture of the absorption coefficient of the sound for the 
Fermi surface (FS) of the general view has the form: 
                    
2
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Here Λ  is the deformation potential, εF is the Fermi 
ene rmi velocity is the wave numbe
the mean free path. The last multiplier describes the 
freq  d
 
eferen
, or due to flattening 
m
rgy, vF is the Fe r, l  is , q  
uency ependence.  
For ql < 1 f(ql) ~ ql, and the absorption is quadratic in 
frequency. In the opposite case f(ql) and α/q are constants. If 
the FS has a large flat section, and the electrons on it interact 
effectively with the sound, the multiplier / vFS  must be 
changed to the relative area of the flattening [11]. The results 
of a more detailed study for the attenuation of different 
modes below TC are shown in Fig.6 (as the r t point we 
used value of the signal at T = 2.5K), from which we can 
make some unexpected conclusions:  
1) The absorption of the C11 mode at the wavelength has 
a record value for metals, including high purity ones [12]. 
This may be due to the large value of Λ
of the FS. 
2) The absorption coefficient varies with frequency 
almost linearly. In any case the fulfill ent of the condition 
ql ≥ 1 is required. 
3) The effect is very anisotropic. For C33 and C’ modes it 
is not observed. 
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Fig. 6: The influence of the superconducting transition on the 
attenuation of the longitudinal sound. Full line corresponds to 
the С11 mode. (F = 55MHz), circles – to the С11 mode 
(100MHz), crosses – to the С’ mode (55MHz), diamonds – to 
the С33 mode (55MHz). 
 
Let us estimate the relaxation time τ. The specific 
resistance of the samples, analogous to ours, is near 
40 μOhm⋅cm [3]. The density of carriers from the 
measurements of the Hall effect is about 1020 ÷ 1021сm-3 [13]. 
Since the electronic structure of FeSe is close to the one of 
the compensated metal [14], these values are rather 
overestimated. It gives us τ ~ 10-12s and ql ~ 10-1, i.e. our 
samples are not too far from a pure limit. 
However, it is improbable to expect that the parameter ql 
is close to unity on the whole FS. In this case it would be 
expected that the magnetic-field dependence of the 
attenuation was the manifestation of the magneto-acoustic 
geometric and quantum oscillations, accompanied by a 
noticeable change in the monotonic part. All our attempts to 
detect any changes of a signal with the strength of the 
magnetic field in fields up to 5T were unsuccessful. Perhaps 
FS has a preferred direction in which the mean free path has 
a sharp maximum, which leads to the observed characteristics 
of the absorption. 
Bardeen-Cooper-Schrieffer theory of superconductivity 
irrespective to the value of the parameter ql gives the 
dependence for the relation between the attenuation in 
superconducting state and the one in a normal state: 
2
( )
exp( ) 1
s
Tn
kT
α
α
=
Δ
+
 
Here  is the energy gap. This equation was deduced 
for an isotropic superconductor. Actually, it is valid in any 
nodeless model of superconductivity. In anisotropic 
superconductors (or multiple-gap ones) the Δ(T) should be 
understood as some effective quantity approximately equal to 
the minimum value of  the energy gap for the electrons that 
interact with the sound mode (see [12] and references 
therein). So it is possible to estimate the gap value by 
inverting this equation, (Fig. 7).  
( )TΔ
Fig. 7: Temperature dependence of the value of the energy 
gap. Circles correspond to the experiment, full line 
corresponds to the BCS dependence for Δ(0) = 1,6kTC. 
 
It yields somewhat lower value than the BCS one, 
however it practically coincides with the data from [3] 
(~ 1.62 kTC). The temperature dependence of the gap is 
identical to the theoretical one. 
In summary, we have determined the components of the 
tensor of elastic constants for FeSe single crystal. The 
structural phase transition is accompanied by the significant 
softening of the C11 and C11 - C12 modes. We have observed a 
significant influence of the superconducting transition on the 
velocity and attenuation of sound and estimated the value of 
the superconducting energy gap as 1.6 kTC.  
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